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Analysis was undertaken of the retinal image characteristics of the best-spectacle corrected eyes of progressing myopes (n = 20,
mean age = 22 years; mean spherical equivalent = 3.84 D) and a control group of emmetropes (n = 20, mean age = 23 years; mean
spherical equivalent = 0.00 D) before and after a 2 h reading task. Retinal image quality was calculated based upon wavefront mea-
surements taken with a Hartmann–Shack sensor with ﬁxation on both a far (5.5 m) and near (individual reading distance) target.
The visual Strehl ratio based on the optical transfer function (VSOTF) was signiﬁcantly worse for the myopes prior to reading for
both the far (p = 0.01) and near (p = 0.03) conditions. The myopic group showed signiﬁcant reductions in various aspects of retinal
image quality compared with the emmetropes, involving components of the modulation transfer function, phase transfer function
and point spread function, often along the vertical meridian of the eye. The depth of focus of the myopes (0.54 D) was larger
(p = 0.02) than the emmetropes (0.42 D) and the distribution of refractive power (away from optimal sphero-cylinder) was greater
in the myopic eyes (variance of distributions p < 0.05). We found evidence that the lead and lag of accommodation are inﬂuenced by
the higher order aberrations of the eye (e.g. signiﬁcant correlations between lead/lag and the peak of the visual Strehl ratio based on
the MTF). This could indicate that the higher accommodation lags seen in myopes are providing optimized retinal image charac-
teristics. The interaction between low and high order aberrations of the eye play a signiﬁcant role in reducing the retinal image quali-
ty of myopic eyes compared with emmetropes.
 2005 Elsevier Ltd. All rights reserved.
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The role of retinal image quality in refractive error
development has been studied from various perspec-
tives. Visual deprivation at an early stage of a childs life
has been shown to frequently result in the development
of high refractive errors (Fledelius, 1995; Nathan, Kiely,
Crewther, & Crewther, 1985; OLeary & Millodot, 1979;
Rabin, Van Sluyters, & Malach, 1981). The normal pro-
cess of emmetropization in infants is thought to be
dependent on visual feedback. Direct evidence for the0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.03.012
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E-mail address: m.collins@qut.edu.au (M.J. Collins).role of vision in the regulation of eye growth comes from
experiments with a range of animal species, where form
deprivation (Wiesel & Raviola, 1977) and optical defo-
cus (Schaeﬀel, Glasser, & Howland, 1988) can alter
eye growth.
The visual performance of myopic eyes is sometimes
found to be associated with the degree of myopia. There
is evidence of decreased high contrast visual acuity with
increasing myopia level (Applegate, 1991; Collins &
Carney, 1990; Strang, Winn, & Bradley, 1998) and some
studies have also shown losses in letter-based contrast
sensitivity associated with the degree of myopia (Collins
& Carney, 1990; Fiorentini & Maﬀei, 1976). But there is
also evidence to the contrary, with Thorn, Corwin, and
Comerford (1986) ﬁnding no loss when testing with sine
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ﬁnding no loss of high contrast acuity or contrast sensi-
tivity. Strang et al. (1998) modelled the possible contri-
bution of eye growth and decreased retinal sampling
to decreased visual acuity associated with myopia and
concluded that these factors do not account for the re-
ported losses. Interferometric acuity measures that by-
pass the eyes optics have also shown no loss of foveal
acuity in myopes (Watson & Coletta, 2002). So it ap-
pears likely that if they do exist, the reported losses of
visual performance associated with increasing myopia
have an optical rather than neural basis.
One major optical determinant of the retinal image is
the accuracy and stability of the accommodation
response. Myopes are known to demonstrate a variety
of diﬀerences from emmetropes in their accommodation
responses. Myopes show a ﬂatter stimulus–response
slope, so that for near targets the accommodation re-
sponse shows a greater lag than emmetropes (McBrien
& Millodot, 1986; Ramsdale & Charman, 1989; Rosen-
ﬁeld & Gilmartin, 1988). Following a period of near
work, myopes show a higher transient myopic shift in
refraction that is thought to arise from accommodation
hysteresis (Ehrlich, 1987; Fisher, Ciuﬀreda, & Levine,
1987).
Myopes also show diminished blur detection thresh-
olds (Jiang & Morse, 1999; Rosenﬁeld & Abraham-
Cohen, 1999) and reduced accommodation response to
minus lenses (Abbott, Schmid, & Strang, 1998; Gwiaz-
da, Thorn, Bauer, & Held, 1993; OLeary & Allen,
2001) and asymmetric visual performance with minus
compared to plus blur (Radhakrishnan, Pardhan, Cal-
ver, & OLeary, 2004a, 2004b). Blur is a major stimulus
for the normal accommodation response (Fincham,
1951; Kruger & Pola, 1986; Phillips & Stark, 1977)
and various sophisticated theories of myopia develop-
ment are based on the diﬀerences exhibited by myopes
in aspects of their accommodation response (Flitcroft,
1998; Goss & Wickham, 1995; Hung & Ciuﬀreda,
2002; Jiang, 1997). While the blur resulting from accom-
modation inaccuracy is implicated in the aetiology of
myopia, blur could also be the cause of the accommoda-
tion inaccuracy. One of the hypotheses examined in this
study was that the higher order aberrations of the eye
could cause the accommodation response of myopes to
be diﬀerent from emmetropes.
The higher order aberrations of myopic eyes have
been extensively studied (Applegate, 1991; Carkeet,
Luo, Tong, Saw, & Tan, 2002; Cheng, Bradley, Hong,
& Thibos, 2003; Cheng et al., 2000; Collins, Wildsoet,
& Atchison, 1995; He et al., 2002; Marcos, Moreno-
Barriuso, Lorente, Navarro, & Barbero, 2000; Paquin,
Hamam, & Simonet, 2002). Some of these studies
show signiﬁcant optical diﬀerences in myopic eyes
compared with emmetropes (Applegate, 1991; Collins
et al., 1995; He et al., 2002; Marcos et al., 2000;Paquin et al., 2002), some ﬁnd these diﬀerences to be
more apparent during accommodation (Collins et al.,
1995; He, Burns, & Marcos, 2000), while others ﬁnd
little or no diﬀerence in myopic eyes (Carkeet et al.,
2002; Cheng et al., 2003; Llorente, Barbero, Cano,
Dorronsoro, & Marcos, 2004). Buehren, Collins, and
Carney (2005) have found that myopes have greater
levels of certain higher order aberrations, particularly
following reading. The eﬀect of higher order aberra-
tions on the retinal image quality of myopes is exam-
ined in this study, both before and after a period of
sustained reading.
Reading and near work are factors that have been
consistently associated with myopia development and
progression (Mutti, Zadnik, & Adams, 1996). If the gen-
esis of myopia is a vision dependent phenomenon and is
associated with reading, the stimulus for eye growth in
myopia could therefore arise in aspects of the retinal im-
age during and after a period of reading. We have inves-
tigated this issue in the following study with a group of
myopic subjects who were actively progressing in their
myopia development.2. Methods
2.1. Data collection and analysis
The myopic group comprised 20 subjects with a mean
age of 22 years ranging from 19 to 24 years. The mean
spherical equivalent was 3.84 D with a range of
1.00 D to 7.50 D of myopia. The mean cylindrical
refraction was 0.53 D (ranging from 0.00 D to
2.00 D). Myopia progression rate for the group aver-
aged 0.73 D over the last 2 years. The 20 young emme-
tropic subjects had mean age of 23 years ranging from
19 to 28 years. Mean spherical equivalent was 0.00 D
(range +0.25 to 0.25 D). The mean cylindrical refrac-
tion was 0.03 D (ranging from 0.00 D to 0.50 D).
The emmetropic group did not show any signiﬁcant
refractive error change within the last 2 years (mean
change of 0.03 D).
All subjects (myopes and emmetropes) wore their
best sphero-cylinder spectacle correction during testing.
The traditional subjective refraction method of prescrib-
ing the least negative lens (in 0.25 D steps) was used for
all subjects and while this can bias the accommodation
results towards slightly greater leads of accommodation,
this bias is unlikely to be diﬀerent between the myopic
and emmetropic groups.
The wavefront aberrations of the progressing myopic
subjects and the emmetropic control subjects were mea-
sured with a Complete Ophthalmic Analysis System
(COASTM, WaveFront Sciences, Inc.) and used to calcu-
late the retinal image characteristics using a wavelength
of 555 nm. The details of these wavefront aberrations
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Buehren et al. (2005). The wavefront aberration data
up to the sixth radial order Zernike polynomial expan-
sion was measured with the subjects focused at 5.5 m
and at the individual subjects reading distance (emme-
tropes mean 41 cm and myopes mean 35 cm). By using
a ﬁxation target at the subjects habitual reading dis-
tance to measure the wavefront aberrations, this pro-
vides information about the actual retinal image
qualities of these subjects under relatively natural condi-
tions of reading.
The reading task involved the subjects reading a
novel for 2 h at their preferred reading distance and in
their preferred reading posture, to simulate natural read-
ing conditions. The subjects wore a current spectacle
correction during the reading task as well as the pre-
and post-reading wavefront measurements. To measure
accommodation lag at the individual reading distances
before and after reading, spectacle lens eﬀectivity was
accounted for using the algorithm described by Mutti,
Jones, Moeschberger, and Zadnik (2000). Vertex
distance was measured for each subject and used to
calculate the spectacle lens eﬀectivity for both accommo-
dation stimulus and response values.
2.2. Pupil size, low and high order aberrations
The subjects in the experiment had natural pupil
sizes during wavefront measurements, without pharma-
cological dilation. The room illumination was kept at a
mesopic range to ensure that the subjects pupil size
was greater than 5 mm during both far distance and
reading distance measurements. This was done to en-
sure that we could directly compare the wavefronts ob-
tained at both target distances. However this approach
does limit the inferences we can draw regarding the
accommodation response to the original pupil size at
which the wavefronts were recorded. This is the case
because higher order aberrations can inﬂuence the
accommodation response of the eye (Collins, Goode,
& Atchison, 1997; Cui, Campbell, Voisin, & Charman,
1993) and the magnitudes of the higher order aberra-
tions typically change with pupil size. In other words,
the accommodation response (measured as defocus in
the wavefront) is inﬂuenced by all the aberrations pres-
ent in the pupil at the time the wavefront is measured.
Therefore we could not use wavefront data collected
with a pupil size of 5 mm to analyse the accommoda-
tion response of the eye using a 3 mm sub-aperture
of the wavefront data, since the accommodation re-
sponse would be diﬀerent if the higher order aberra-
tions were diﬀerent. This is a limitation of the data
we have collected and it means that the near condition
results would be a more accurate representation of near
vision if they were collected with smaller natural pupil
sizes.2.3. Group averaging of optical and image quality data
Averaging wavefront aberrations across a group of
subjects washes out the subtle characteristics of the indi-
vidual wavefront that is often characterised by a large
number of independent Zernike polynomial terms. Sim-
ilar eﬀects can occur while averaging retinal image char-
acteristics such as the point spread function. On the
other hand, certain global characteristics such as the
wavefront RMS, half-width of the point spread func-
tion, or the Strehl ratio can be readily averaged. In
our analyses of the aberration data we also averaged
the individual subjects meridional modulation transfer
functions because they are normalised to unity at zero
spatial frequency.2.4. Point spread function
For each wavefront error a 3-D point spread function
(PSF) was calculated as the magnitude square of the
Fourier transform of the pupil function, where the
amplitude pupil function was the normative Stiles–
Crawford function (Applegate & Lakshminarayanan,
1993). The piston and prismatic terms (the ﬁrst three
Zernike terms) were omitted in the analysis. In order
to assess the quality of the estimated PSF, we calculated
the equivalent width
H eq ¼ 1
PSFmax
Z
D
Z
PSFðnx; nyÞdnx dny
where the area of integration D extends to all non-zero
elements of the PSF. In 3-D, the equivalent width repre-
sents the width of an imaginary cylinder of height equal
to the maximum of the PSF (Thibos, Hong, Bradley, &
Applegate, 2004). All data analyses have been per-
formed using Matlab (The MathWorks, Inc.).2.5. Modulation and phase transfer functions
The frequency characteristics of the eyes optics were
assessed using the modulation and phase transfer func-
tions (MTF and PTF). The MTF and PTF are the mag-
nitude and phase of the optical transfer function. The
modulation transfer function is a well-known descriptor
of the retinal image quality at diﬀerent spatial frequen-
cies. However, the phase transfer function of the human
eye optics is less well understood (Charman & Walsh,
1985). Since in the diﬀraction limited case the PTF is
zero, we propose to use the RMS of the unwrapped
phase as a descriptor of retinal image quality. For de-
tails on unwrapping the two-dimensional phase transfer
function see Strand, Taxt, and Jain (1999). The MTF
and PTF data in the horizontal meridian (0–180 degrees)
corresponds to psychophysical testing with a vertical
grating pattern and the MTF and PTF data in the
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grating pattern oriented horizontally.
2.6. Visual Strehl ratios
The visual Strehl ratio can be calculated in the fre-
quency domain in several ways (Thibos et al., 2004).
We have considered two estimators of the visual Strehl
ratio, a visual Strehl ratio based on a scaled modulation
transfer function (MTF)
VSMTF ¼
R1
1
R1
1 CSFNðfx; fyÞ MTFðfx; fyÞdfx dfyR1
1
R1
1 CSFNðfx; fyÞ MTFDLðfx; fyÞdfx dfy
and one based on the real part of a scaled optical trans-
fer function (OTF)
VSOTF ¼ Re
R1
1
R1
1CSFNðfx; fyÞ  OTF ðfx; fyÞdfx dfyR1
1
R1
1 CSFNðfx; fyÞ OTFDLðfx; fyÞdfxdfy
Subscripts DL refer to the diﬀraction limited case of the
MTF and OTF. The visual Strehl ratio is scaled by the
neural contrast sensitivity function CSFN (Campbell &
Green, 1965).
2.7. Refractive error distribution
The distribution of refractive error relative to the
optimal sphero-cylinder correction was analysed for
the myopes and emmetropes within the 5 mm entrance
pupil. Firstly, the refractive power maps were calculated
directly from the wavefront errors from which we have
subtracted the best-ﬁt sphero-cylinder. The 2-D data
were then sampled in a square grid (80 · 80 grid cover-
ing a 5 mm pupil), then collated into a single column
vector of refractive errors from which we have estimated
the probability density function using kernel density
estimator (Silverman, 1986). The kernel density estima-
tor can be viewed a smoothed equivalent of a histogram.
This information may be useful in understanding the
accommodation response of the eye and the potential
directional eye growth signals present in the retinal
image.
2.8. Depth of focus
The depth of focus of the eye is important for under-
standing the tolerance to blur and the stimulus to
accommodation. There are a variety of subjective and
objective methods of estimating the depth of focus of
the eye (Marcos, Moreno, & Navarro, 1999). We calcu-
lated the depth of focus as the dioptric range for which
the VSMTF did not fall below 0.8 times its optimal va-
lue. The change in dioptric range was simulated by
adjusting the defocus component (in 0.125 D steps) of
the measured wavefront error.2.9. Statistical analysis
The distributions of the optical and retinal image
characteristics such as the equivalent width, the Strehl
ratios, or the unwrapped phase RMS may be non-
Gaussian. Additionally, we had only 20 samples in each
group for the statistical analysis. Taking this into con-
sideration we performed a non-parametric test for the
diﬀerence of means based on the bootstrap (Zoubir &
Iskander, 2004).3. Results
The myopic group showed signiﬁcant diﬀerences
from the emmetropic group in various aspects of retinal
image characteristics, both before and after 2 h of read-
ing. These diﬀerences were apparent in components of
the modulation transfer function, phase transfer func-
tion and point spread function. In particular, the retinal
image quality was typically worse for the myopes along
the vertical meridian compared with emmetropes. Image
quality was consistently worse at near than far for both
groups. Following reading, image quality was typically
worse for the far condition and often slightly better
for the near condition. The calculated depth of focus
of the myopes was larger than the emmetropes and the
distribution of refractive power across the entrance pu-
pil was greater in the myopic eyes. We also found evi-
dence that the lead and lags of accommodation are
inﬂuenced by the higher order aberrations of the eye.
3.1. Refractive qualities
3.1.1. Accommodation response
Both groups of subjects showed the typical lead and
lag of defocus before reading at the baseline measure-
ments and a myopic shift in the defocus values following
reading, often referred to as near work induced transient
myopia (NITM) (Table 1). The myopes in this study had
a pre-reading mean defocus level of 0.23 D (lead) for
far and +0.72 D (lag) for near. Following reading, these
values showed a typical NITM eﬀect, shifting to
0.31 D (lead) for the far condition and +0.60 D (lag)
for near. The emmetropes showed a similar trend, with
a group mean pre-reading defocus level of 0.09 D
(lead) for far and +0.50 D (lag) for the near condition.
The 2-h reading task caused the emmetropes defocus le-
vel for the far condition to shift to 0.15 D (lead) and
+0.47 D (lag) for the near condition. These changes in
defocus level associated with the reading task were all
statistically signiﬁcant (p < 0.05). The magnitude of lead
and lag in the myopes tended to be higher than the
emmetropes and this diﬀerence was signiﬁcant for the
pre-reading near condition (p = 0.02) and approached
signiﬁcance for the remaining comparisons (all p < 0.1).
Table 1
Accommodation lead and lag, depth of focus and peak location of image quality metrics
Far condition Near condition
Myopes Emmetropes Myopes Emmetropes
Reading Pre Post Pre Post Pre Post Pre Post
Lead and lag 0.23 ± 0.29 0.31 ± 0.36 0.09 ± 0.23 0.15 ± 0.28 +0.72 ± 0.33 +0.60 ± 0.30 +0.50 ± 0.26 +0.47 ± 0.24
DOF j0.54j ± 0.18 j0.53j ± 0.15 j0.42j ± 0.14 j0.45j ± 0.16 j0.50j ± 0.16 j0.57j ± 0.18 j0.43j ± 0.14 j0.46j ± 0.18
Peak of VSOTF 0.10 ± 0.21 0.09 ± 0.35 0.08 ± 0.14 0.07 ± 0.12 +0.06 ± 0.21 +0.00 ± 0.29 +0.05 ± 0.15 +0.09 ± 0.15
Peak of VSOTF (90) 0.10 ± 0.21 0.15 ± 0.39 0.04 ± 0.14 +0.01* ± 0.16 +0.02 ± 0.22 +0.09 ± 0.32 +0.03 ± 0.17 +0.07 ± 0.20
Peak of VSOTF (0) 0.12 ± 0.26 0.08 ± 0.31 0.07 ± 0.12 0.08 ± 0.14 0.02 ± 0.28 +0.01 ± 0.30 +0.03 ± 0.13 +0.02 ± 0.12
Peak of VSMTF 0.09 ± 0.23 0.06 ± 0.39 0.09 ± 0.13 0.06 ± 0.13 +0.08 ± 0.28 +0.05 ± 0.16 +0.10 ± 0.33 +0.10 ± 0.14
Peak of VSMTF (90) 0.12 ± 0.35 0.15 ± 0.39 0.06 ± 0.20 +0.11* ± 0.16 +0.04 ± 0.37 +0.19 ± 0.57 +0.07 ± 0.20 +0.17* ± 0.23
Peak of VSMTF (0) 0.11 ± 0.32 0.08 ± 0.40 0.09 ± 0.13 0.08 ± 0.14 +0.00 ± 0.27 +0.06 ± 0.34 +0.06 ± 0.12 +0.08 ± 0.12
Trough of PTF RMS (90) 0.02 ± 0.27 0.31* ± 0.52 0.06 ± 0.31 0.07 ± 0.28 +0.03 ± 0.31 0.13 ± 0.37 +0.09 ± 0.31 +0.11 ± 0.32
Trough of PTF RMS (0) 0.12 ± 0.32 0.01 ± 0.37 0.12 ± 0.23 0.06 ± 0.27 0.01 ± 0.22 +0.01 ± 0.25 ± 0.00 ± 0.24 +0.01 ± 0.26
Trough of Eq. Width PSF +0.01 ± 0.18 +0.05 ± 0.22 0.04 ± 0.17 0.03 ± 0.20 +0.05 ± 0.20 +0.03 ± 0.27 0.02 ± 0.17 +0.06 ± 0.13
For the far and near conditions, accommodation lead and lag, the depth of focus (DOF) and peak and trough location of various image quality
metrics are presented for both myopic and emmetropic groups. VSMTF is visual Strehl ratio based on the modulation transfer function. PTF RMS is
root mean square error of the unwrapped phase transfer function. VSMTF, VSOTF and PTF RMS are also presented along both vertical (90–270)
and horizontal (0–180) meridians. Eq. Width PSF is the equivalent width of point spread function. Negative values denote myopic defocus and
positive values are hyperopic defocus.
* Indicates a signiﬁcant shift (p < 0.05) in peak/trough location after reading. VSOTF is visual Strehl Ratio based on the optical transfer function.
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The myopes had a consistently larger depth of focus
than the emmetropes (Table 1). For the far condition
pre-reading, the myopes depth of focus was 0.54 D
compared with the emmetropes 0.42 D (p = 0.02), and
the diﬀerence between groups was similar after reading
(p = 0.13). For the near condition, the myopes had a lar-
ger depth of focus than the emmetropes before reading
(p = 0.13) and after reading (p = 0.04) (Table 1). The
depth of focus for the myopes and emmetropes did
not change substantially following reading, nor were
there substantial diﬀerences between the far and near
conditions (Table 1).
3.1.3. Refractive error distribution
The refractive error distribution across the entrance
pupil of the groups show a broader distribution of
powers for the myopes compared with the emmetropes
for both the far and near conditions and for both pre-
reading and post-reading conditions (Fig. 1). These
diﬀerences were all statistically signiﬁcant when com-
paring the variance of the distributions between groups
(all p < 0.05). These ﬁndings are consistent with in-
creased higher order aberrations in the myopes com-
pared with the emmetropes reported in the
companion paper (Buehren et al., 2005). When we cal-
culated the volume under the curves relative to the po-
sition of the retinal plane, we found some minor
diﬀerences between the groups. In the far condition,
the myopes tended to show slightly more myopic
refractive error (about 66%) than the emmetropes
(about 52%), probably reﬂecting the higher lead of
accommodation in this group. At near, both groups
showed a large proportion of hyperopic refractive errorreﬂecting the lag of accommodation (about 88% hyper-
opic error in both groups).
There were some diﬀerences in the skewness and kur-
tosis of the refractive power distributions (Fig. 1). Both
the myopes and emmetropes power distributions for the
far condition showed signiﬁcantly diﬀerent skewness fol-
lowing reading (p < 0.05), but this was not apparent for
the near condition results (p > 0.05). There were no
signiﬁcant diﬀerences between the myopes and emme-
tropes in terms of the level of skewness for any of the
conditions. In terms of kurtosis, there were no signiﬁ-
cant eﬀects related to pre-reading versus post-reading
comparisons. When we compared the kurtosis in corre-
sponding distributions for the myopes and emmetropes,
the near condition data pre-reading showed a statisti-
cally signiﬁcant diﬀerence in kurtosis of the distribution
(p = 0.03). This reﬂects the obvious hump in the hyper-
opic error (positive correction) power distribution near
the peak of the myopes refractive power distribution
(Fig. 1).
3.2. Image quality
3.2.1. Optical transfer function
The myopes showed substantially reduced VSOTF
compared with the emmetropes for the far condition,
both before (p = 0.01) and after reading (p = 0.04)
(Fig. 2). For the near condition, the myopes also showed
worse VSOTF before reading (p = 0.01) but not after
reading (p = 0.28). The substantial overall diﬀerence in
VSOTF between far and near conditions for both
myopes and emmetropes relates primarily to the pres-
ence of increased defocus at near due to the natural
lag of accommodation displayed by both groups.
Fig. 1. Average refractive error distribution (relative to optimal sphero-cylinder correction) for the myopes (left column) and emmetropes (right
column) within the 5 mm entrance pupil for far (top row) and near (bottom row) conditions. The plots show kernel density estimates of the refractive
power. Both pre- and post-reading conditions are indicated. Arrows indicate the retinal plane and group mean accommodation leads and lags before
and after reading (r2 denotes variance, b1 is skewness, and b2 is kurtosis). The subscripts B and P denote the ‘‘before reading’’ and ‘‘post 2 h-reading’’
respectively.
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for emmetropes (p = 0.02) and showed borderline signif-
icance for the myopes (p = 0.11).
3.2.2. Modulation transfer function
In view of the diﬀerences in VSOTF between the
myopes and emmetropes, we chose to investigate these
diﬀerences further by analysing the vertical and horizon-
tal meridians of the MTF and PTF. The pre-reading
MTF ratio of the emmetropes was slightly higher than
that of the myopes in both the vertical and horizontal
meridians for both far and near conditions (Fig. 3a
and b). These diﬀerences were statistically signiﬁcant
for the vertical meridian of the MTF in the post-reading
far condition (p = 0.04) and horizontal meridian of the
MTF in the pre-reading near condition (p = 0.01). The
reduced MTF of the myopes primarily occurred formid-spatial frequencies between 4 and 10 cycles per de-
gree (cpd) (Fig. 4).
There was an obvious loss of MTF ratio in the near
condition compared with the far condition (Fig. 3a
and b). These diﬀerences were all statistically signiﬁcant
(p < 0.015) with the exception of the myopes in the ver-
tical meridian after reading (p = 0.25). These losses were
mainly due to the increased defocus of the wavefront for
both emmetropes and myopes at near associated with
the normal lag of accommodation. Another observation
was that the horizontal meridian MTF ratios were al-
ways higher than the vertical meridian results for the
far condition, but in the near condition this trend was
reversed with the vertical meridian always slightly
better.
The eﬀect of 2 h of reading on the MTF was diﬀerent
for the far and near conditions (Fig. 3a and b). For the
Fig. 2. Visual Strehl ratio ± (standard deviation) based on the optical transfer function (VSOTF) for myopes and emmetropes before and after
reading for far and near conditions. p-Values indicate bootstrap test statistics within and between groups, before and after reading.
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tropes along both the horizontal and vertical meridians
was worse after reading (Fig. 3a). This loss was statisti-
cally signiﬁcant along the vertical meridian for the myo-
pes (p = 0.03) and approached signiﬁcance (p = 0.09) for
the emmetropes along the vertical meridian. This eﬀect
is predominantly due to the NITM defocus eﬀect post-
reading and higher order aberration changes along the
vertical meridian of the eye. The mid-spatial frequencies
were most aﬀected by the reading task for both the
myope and emmetrope groups in the far condition and
the eﬀect was most pronounced for the myopes in the
vertical meridian, where the loss was localised around
5 cpd.
In the near condition, the eﬀect of the reading task
was to improve the MTF ratios of both the myopes
and emmetropes along both the vertical and horizontal
meridians (Fig. 3b). This ﬁnding can be explained by
the reduced lag of accommodation (reduced defocus)
following reading in both groups of subjects. This reduc-
tion in accommodation lag is the same defocus shift
accounting for the NITM eﬀect for the far condition
(but creating an opposite outcome). The resulting
improvement in the MTF is most pronounced for the
myopes along the horizontal meridian (p = 0.01) (Fig.
3b). However it should be noted that the MTFs at near
were always worse than those calculated for the far con-
dition, both before and after reading, for both myopes
and emmetropes.3.2.3. Phase transfer function
The group mean PTF RMS data are presented for the
vertical and horizontal meridians of the eye (Fig. 5a and
b). The diﬀerence in PTF RMS between the myopes and
emmetropes was most pronounced for the far condition
results (Fig. 5a). The pre- and post-reading results for
the vertical meridian both showed the myopes to have
signiﬁcantly worse PTF RMS results than the
emmetropes (p = 0.06 and p = 0.01 respectively). In the
near condition, the myopes had higher PTF RMS
results than the emmetropes, but this was only signiﬁ-
cant in the vertical meridian pre-reading (p = 0.01)
(Fig. 5b).
The near condition PTF RMS results are signiﬁcantly
higher (worse) than corresponding far condition results
(all p < 0.05), reﬂecting a substantial eﬀect from greater
defocus lag at near compared to defocus lead at far and
greater levels of higher order aberrations at near. The 2-
h reading task had little overall eﬀect on the PTF RMS
for any of the conditions or groups tested (all p > 0.05).
3.2.4. Point spread function
3.2.4.1. Equivalent width. The results of the equivalent
width of the PSF showed similar trends to those of the
VSOTF results. Prior to reading, the myopes equivalent
width of the PSF for the far condition was slightly, but
not signiﬁcantly, larger (worse) than that of the emme-
tropes (p = 0.18) (Fig. 6). Following the reading
task, the equivalent width for the far condition was
Fig. 3. Modulation transfer function ratios ± (standard deviation) for myopes and emmetropes in the horizontal (0–180) and vertical (90–270)
meridians before and after reading for (a) far condition (top panel) and (b) near condition (bottom panel). p-Values indicate bootstrap test statistics
within and between groups before and after reading.
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the emmetropic group (p = 0.02). While the myopes
showed a signiﬁcant increase in equivalent width for
the far condition after 2 h of reading (p = 0.01), the
change in the emmetropic group was considerably smal-
ler and not signiﬁcant (p = 0.32).For the near condition, the diﬀerences between the
myope and emmetrope groups in the equivalent width
showed similar trends to the far condition (Fig. 6).
The equivalent width was larger in the myopes before
reading (p = 0.1) and after reading (p = 0.04). The eﬀect
of reading for 2 h caused a signiﬁcant improvement in
Fig. 4. Modulation transfer function diﬀerence (myopes minus
emmetropes) as a function of spatial frequency for far condition (top
panel) and near condition (bottom panel). Solid lines show the pre-
reading condition and dashed lines the post-2 h-reading condition in
horizontal 0–180 (grey lines) and vertical 90–270 (black lines)
meridians. Negative values indicate that the myopes had lower MTF
results.
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and emmetrope (p = 0.01) groups, similar to the trend
observed for the MTF results. But the equivalent width
at the near working distance was always substantially
worse than that for the far working distance for both
emmetropes and myopes (Fig. 6).
3.2.4.2. Line spread function and retinal image. Under-
standing how the optical transfer function inﬂuences ret-
inal image quality for real objects is a complex problem.
To illustrate the diﬀerences in image qualities between
the myopes and emmetropes we have reconstructed
the retinal image for a high contrast letter E object
(12.5 min of arc total height to match the letter size used
as a ﬁxation target in the experiment) equivalent to log-
MAR 0.4. To complement this image reconstruction we
have included the corresponding two-dimensional line
spread functions (LSF). Given that the E target (and let-
ters used as a ﬁxation target during the data collection)is primarily composed of horizontal and vertical detail,
the use of LSF along these meridians provides a good
sample of the important features of the PSF. For more
complex targets or scenes, the PSF would be more
appropriate. The image reconstructions and LSFs are
provided for two subjects in Fig. 7, one myope and
one emmetrope, and are not necessarily representative
of the groups. We considered basing this analysis on
the group mean Zernike coeﬃcients, however averaging
of Zernike coeﬃcients in this way is not ideal, since there
can be ‘‘balancing’’ of opposite signs of the same Zer-
nike term and complex interactions between terms that
are diﬃcult to predict. We have conducted this analysis
with zero defocus to show in isolation the inﬂuence of
the higher order aberrations and residual astigmatism
on image qualities and again including the subjects indi-
vidual defocus (accommodation) level for the far and
near conditions, both pre-reading and post-reading.
Without defocus present, the eﬀects of higher order
aberrations and residual astigmatism on the E target
and LSFs are most pronounced for the myopic subjects
(Fig. 7). This is particularly evident following reading,
where the retinal image reconstructions show a predom-
inant smearing of the E target along the vertical merid-
ian and where the horizontal LSF is narrow and the
vertical LSF shows multiple peaks. At the natural defo-
cus (accommodation) levels, the vertical LSF improves
and the horizontal LSF slightly deteriorates.
In the presence of the higher order aberrations, the
‘‘clarity’’ of the E target typically improves with the
presence of the natural accommodation response (defo-
cus), with the exception of the emmetrope after reading.
The improvement in ‘‘clarity’’ of the E target is reﬂected
in the LSFs by a reduction in side lobes (secondary
peaks) when defocus is incorporated. These changes in
the LSF and E target results conﬁrm that the optimal
defocus level of the eye is not zero in the presence of
higher order aberrations. We will discuss this issue fur-
ther in the next section of the paper.
The quality of the E target and the LSFs are obvi-
ously worse following the 2-h reading task for both
the emmetrope and myope. The LSF results show an
obvious secondary peak in the vertical meridian for both
subjects and also a horizontal secondary peak in the
horizontal meridian for the myopic subject (Fig. 7).
3.2.5. Association between image quality and
accommodation response
We wished to examine the association between the
accommodation response of the eye and the image qual-
ity metrics determined from the wavefront aberrations.
In other words, were the image qualities inﬂuencing
the level of accommodation (lead and lag) of the eye
in the far and near conditions and were there obvious
diﬀerences between the myopic and emmetropic eyes?
The analysis of the line spread functions and E target
Fig. 5. PTF RMS (root mean square error of unwrapped phase transfer function) ± (standard deviation) for myopes and emmetropes in the
horizontal (0–180) and vertical (90–270) meridians before and after reading for (a) far condition and (b) near condition. p-Values indicate bootstrap
test statistics within and between groups before and after reading.
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the accommodation response could at least be partly
driven by the need to optimize retinal image quality in
the presence of higher order aberrations.
The ﬁrst method we used to investigate these poten-
tial interactions was to plot the eﬀect of defocus (simu-
lating changing accommodation) on the visual Strehlratio based on the OTF (VSOTF), the visual Strehl ratio
based on the MTF (VSMTF) and the PTF RMS. A dif-
fraction-limited eye would show optimal performance
on each image quality metric (i.e. peak or trough loca-
tion) at the zero defocus position. Since all the myopes
and emmetropes in the study were wearing their optimal
sphero-cylindrical correction at the time of testing, the
Fig. 6. Equivalent width of point spread function (minutes of arc) ± (standard deviation) for myopes and emmetropes in far and near conditions,
before and after reading. p-Values indicate bootstrap test statistics within and between groups before and after reading.
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each image quality metric are the result of the interac-
tion between the eyes higher order aberrations and
residual uncorrected astigmatism with accommodation
(defocus). It should be noted that some small residual
sphere and cylinder error will naturally occur because
the clinical accuracy of subjective refractive correction
is probably ±0.125 D.
The location of the peaks of each image quality
metric and the group mean accommodation response
(defocus error) are summarised in Table 1. For the
far condition, the peak of nearly all the image quality
metrics were displaced slightly in the minus (myopic)
defocus direction (Table 1), the same direction as the
natural lead of accommodation. This myopic shift in
the peak of the image quality metrics ranged up to
a maximum of 0.31 D for the trough of the PTF
RMS along the vertical meridian for the myopes after
reading. The most consistent changes in peak location
occurred with the VSOTF and VSMTF results (Fig. 8
shows VSOTF). The myopes tended to show the
greatest oﬀsets in the myopic direction compared with
the emmetropes and this diﬀerence was often slightly
increased following 2 h of reading. The results for
the near condition tended to show smaller shifts of
the peaks of the image quality metrics, although the
shifts were typically in the direction of more positive
correction (hyperopic defocus), in line with the natural
shift in accommodation (lag) for near conditions.In general, the direction of the oﬀsets in the peaks
of the image quality metrics demonstrates agreement
with the direction of the accommodation defocus er-
rors (leads and lags) shown by both the myopes and
emmetropes. However the magnitude of the shifts in
the peaks of the image quality metrics was generally
much less than the actual accommodation errors
(Table 1).
To further study the interaction between the
accommodation response of the subjects and the loca-
tion of the peak of the image quality metrics, we ana-
lysed the location of the peak of the image quality
metrics (VSOTF, VSMTF and PTF RMS) as function
of defocus for all 40 subjects (myopes and emmetropes
combined, far and near data) and correlated this with
the measured individual lead and lag of accommoda-
tion. Most of the analyses showed moderate correla-
tions between the measured lead/lag of
accommodation and the peaks of the various image
quality metrics (Table 2). To illustrate this association
we have plotted accommodation lead and lag versus
VSMTF peak (Fig. 9) which shows for the pre-reading
condition a correlation between the factors of
R2 = 0.16 (p < 0.02) and a probability of the slope
being non-zero of p = 0.01, and for the accommoda-
tion lag a moderate correlation of R2 = 0.28
(p < 0.001) and a probability of the slope being non-
zero of p < 0.001 (Fig. 9a). For the post-reading con-
dition, the lead of accommodation again shows a
Fig. 7. The line spread functions for a myopic subject (M17 top panels) and emmetropic subject (E07 bottom panels) before (left column) and after
2 h-reading (right column) along the 0–180 and 90–270 meridians. The corresponding reconstruction of the retinal image is presented for both
higher order aberrations + residual astigmatism without defocus (upper sub-panels) and all aberrations including the individual accommodation
(defocus) level (lower sub-panels).
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R2 = 0.25 (p = 0.001) and a probability of the slope
being non-zero of p = 0.001, and for the accommoda-tion lag a moderate correlation of R2 = 0.27
(p < 0.001) and a probability of the slope being non-
zero of p < 0.001 (Fig. 9b).
Fig. 8. Visual Strehl ratio based on the optical transfer function
(VSOTF) for myopes and emmetropes before and after reading as a
function of defocus (top panel shows far condition, bottom panel
shows near condition). Solid lines indicate the pre-reading condition
and dashed lines the post-2 h-reading condition for emmetropes (grey
lines) and myopes (black lines). The myopic defocus direction
(negative · values) is in front of the retina and the hyperopic defocus
direction (positive · values) is behind the retina.
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accommodation response of the 40 subjects and the
peak or trough of image quality metrics including
VSOTF, vertical VSOTF, horizontal VSOTF, VSMTF,
vertical VSMTF, horizontal VSMTF, vertical PTF
RMS, horizontal PTF RMS, and equivalent width of
the PSF in Table 2. The peak of the VSOTF along the
horizontal meridian also showed signiﬁcant correlations
with the individual accommodation responses of the
subjects for all four conditions (lead and lag, pre- and
post-reading).
These results suggest that the accommodation re-
sponse is partly inﬂuenced by the eﬀects of higher order
aberrations (and residual astigmatism) on retinal image
quality. However the correlation is moderate at best and
the slope of linear regressions indicate that there is not
direct 1:1 correspondence between the optimal imagequality and the accommodation response. The slopes
of the linear regressions ﬁt to the data are presented in
Table 2 and range up to a maximum of 0.53 (lag post-
reading for horizontal VSMTF). However the depth of
focus of these subjects eyes ranged from group means
of 0.42 D (±0.14) up to 0.57 D (±0.18), and this may ac-
count for the diﬀerence between the optimal response
(1:1 slope) and the measured accommodation lead/lag
response. Since the shift in peak location of the image
quality metrics is determined by the magnitude of the
higher order aberrations present, the depth of focus
would also be expected to be highest (maximum values
of DOF were about 1 D) when the peak of the image
quality metric shows the greatest shift.
It is also possible to gain a relative impression of the
eﬀects of higher order aberrations on image quality met-
rics compared with defocus errors in Fig. 8a and b. At
the zero defocus position, only the eﬀects of higher order
aberrations and residual astigmatism are present and the
myopes show clearly decreased image quality perfor-
mance at this level because of their increased levels of
higher order aberrations compared with the emme-
tropes. However it should be noted that the actual image
quality of the myopes and emmetropes in the far and
near conditions is represented in Fig. 9a and b at the
location of the group mean accommodation (defocus)
response (not the zero defocus position), since at this
location the image quality metric reﬂects the impact of
all lower and higher aberrations including the accommo-
dation (defocus) error of the eyes. The data at these
defocus locations are represented in Fig. 2 and show
the group mean VSOTF in the far and near conditions
(pre- and post-reading).
A further point of interest in the data presented in
Fig. 8a and b was the degree of symmetry (skew) of
the data either side of the VSOTF peak. Reports that
myopes show diminished sensitivity to minus blur com-
pared with positive blur could be evident in these data.
For the VSOTF as a function of defocus (Fig. 8a and
b) there is no obvious asymmetry in the myopes or
emmetropes data. When we examined similar plots for
VSOTF in the vertical and horizontal meridians,
VSMTF (total, vertical and horizontal meridians) and
PTF RMS (total, vertical and horizontal meridians)
we found some slight asymmetries, but no strong trends.4. Discussion
The retinal image qualities of the progressing myopes
in this study were often worse than those of the emme-
tropes. For both groups the image quality at near was
always worse than the far condition and following 2 h
of reading the image quality of both myopic eyes and
emmetropic eyes typically diminished slightly for far
conditions and improved slightly for near conditions.
Table 2
Correlation between location of peak of image quality metrics and accommodation lead and lag
Pre-reading Post-2 h reading
Lead Lag Lead Lag
Statistics Slope Correlation Slope Correlation Slope Correlation Slope Correlation
Peak of VSOTF 0.20 0.31 0.26 0.26
F = 4.0 R2 = 0.10 F = 16 R2 = 0.30 F = 4.7 R2 = 0.11 F = 3.9 R2 = 0.09
p = 0.05 p > 0.05 p < 0.001* p < 0.001* p = 0.04* p < 0.05* p = 0.05 p > 0.05
Peak of VSOTF (90) 0.25 0.25 0.27 0.10
F = 6.4 R2 = 0.15 F = 0.06 R2 = 0.002 F = 3.5 R2 = 0.08 F = 0.4 R2 = 0.01
p = 0.02* p < 0.05* p = 0.80 p > 0.05 p = 0.07 p > 0.05 p = 0.53 p > 0.05
Peak of VSOTF (0) 0.25 0.34 0.33 0.47
F = 4.7 R2 = 0.11 F = 13.0 R2 = 0.26 F = 9.6 R2 = 0.20 F = 19.7 R2 = 0.34
p = 0.04* p < 0.05* p = 0.001* p < 0.001* p = 0.004* p < 0.01* p < 0.001* p < 0.001*
Peak of VSMTF 0.28 0.38 0.43 0.47
F = 7.2 R2 = 0.16 F = 15 R2 = 0.28 F = 12.8 R2 = 0.25 F = 13.9 R2 = 0.27
p = 0.01* p < 0.02* p < 0.001* p < 0.001* p = 0.001* p < 0.01* p < 0.001* p < 0.001*
Peak of VSMTF (90) 0.40 0.10 0.50 0.32
F = 6.4 R2 = 0.14 F = 0.4 R2 = 0.01 F = 6.1 R2 = 0.14 F = 1.7 R2 = 0.04
p = 0.02* p < 0.05* p = 0.53 p > 0.05 p = 0.02* p < 0.05* p = 0.20 p > 0.05
Peak of VSMTF (0) 0.23 0.28 0.41 0.53
F = 2.5 R2 = 0.06 F = 8.0 R2 = 0.17 F = 10.0 R2 = 0.21 F = 20.0 R2 = 0.34
p = 0.12 p > 0.05 p = 0.008* p < 0.02* p = 0.003* p = 0.01* p < 0.001* p < 0.001*
Trough of PTF RMS (90) 0.19 0.03 0.24 0.32
F = 1.2 R2 = 0.03 F = 0.04 R2 = 0.001 F = 1.4 R2 = 0.03 F = 2.3 R2 = 0.06
p = 0.28 p > 0.05 p = 0.84 p > 0.05 p = 0.25 p > 0.05 p = 0.14 p > 0.05
Trough of PTF RMS (0) 0.11 0.07 0.33 0.40
F = 0.5 R2 = 0.01 F = 0.4 R2 = 0.01 F = 4.9 R2 = 0.11 F = 8.6 R2 = 0.18
p = 0.50 p > 0.05 p = 0.52 p > 0.05 p = 0.03* p < 0.05* p = 0.006* p < 0.01*
Trough of Eq. Width of PSF 0.01 0.11 0.02 0.03
F = 0.01 R2 = 0.0001 F = 1.3 R2 = 0.03 F = 0.02 R2 = 0.001 F = 0.05 R2 = 0.001
p = 0.93 p > 0.05 p = 0.26 p > 0.05 p = 0.88 p > 0.05 p = 0.82 p > 0.05
For both before and after reading conditions, the statistical signiﬁcance of correlations and slope of the linear regression between accommodation
lead and lag and the peak or trough location of various image quality metrics are shown. VSOTF is visual Strehl ratio based on the optical transfer
function. VSMTF is visual Strehl ratio based on the modulation transfer function. PTF RMS is root mean square error of the unwrapped phase
transfer function. VSMTF, VSOTF and PTF RMS are also presented along both vertical (90–270) and horizontal (0–180) meridians. Eq. Width
PSF is the equivalent width of the point spread function. Negative values denote myopic defocus and positive values are hyperopic defocus.
* Indicates whether the slope is signiﬁcantly non-zero and whether the correlation (R2) is signiﬁcant (p < 0.05).
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emmetropes were determined by the interaction between
lower and higher order aberrations and the changes in
these optical characteristics associated with near versus
far conditions and the eﬀects of reading. We will attempt
to put these ﬁndings into the context of current theories
of retinal image quality and myopia development.
Simple defocus of monochromatic light does not pro-
duce a retinal image that is capable of providing a direc-
tional cue to accommodation or eye growth, because
positive and negative defocus blur produce identical ret-
inal images. However the interaction between ocular
aberrations and accommodation can provide directional
cues since the retinal image changes with the direction of
accommodation (Wilson, Decker, & Roorda, 2002).
Other optical indicators of direction such as chromatic
aberration and image size are possible, but have notbeen shown to alter eye growth patterns in chicks (Cur-
ry, Sivak, Callender, & Irving, 1999; Rohrer, Schaeﬀel,
& Zrenner, 1992; Wildsoet, Howland, Falconer, & Dick,
1993). A stimulus for the control of eye growth that is
guided by monochromatic aberrations could theoreti-
cally arise from (1) diminished retinal image quality
without directional cues, (2) the distribution of refrac-
tive power (focal plane), or (3) retinal image characteris-
tics that provide directional cues.
4.1. Contrast and spatial resolution of myopic eyes
There are many theories of myopia development that
conclude that eye growth is controlled by diminished im-
age quality in myopes compared with emmetropes
(Bartmann & Schaeﬀel, 1994; Flitcroft, 1998; Goss &
Wickham, 1995; Hung & Ciuﬀreda, 2000a, 2000b; Jiang
Fig. 9. Correlation between the peak of VSMTF (visual Strehl ratio
based on the modulation transfer function) and natural accommoda-
tion lead and lag for the combined myopic and emmetropic groups,
before (top panel) and after 2 h-reading (bottom panel). For each
condition the slope, F-values, signiﬁcance of slope, R2, and signiﬁcance
of R2 are shown. A perfect correlation between the variables would lie
along the 1:1 dashed line.
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do not require directional signals associated with the im-
age quality reduction and as such, the blur associated
with defocus alone is suﬃcient to satisfy the model.
Since myopes are known to have greater leads and lags
of accommodation than emmetropes, the associated in-
crease in defocus levels produces the required loss of im-
age quality such as contrast reduction. A mechanism of
fundamental interest in such models is the genesis of the
increased accommodation errors (leads, lags and
NITM) associated with myopia.
The contrast modulation of the myopic eyes tended
to be worse than that of the emmetropes in this study.
The MTF of the myopes along both the vertical and
horizontal meridians were slightly worse than the emme-
tropes, both prior to reading and following 2 h of read-
ing. This eﬀect was most noticeable along the verticalmeridian (horizontal gratings). Similar but less pro-
nounced changes also inﬂuenced the contrast resolution
of emmetropes. We found that the MTF loss of both the
myopes and emmetropes following reading was most
pronounced at around 5 cpd, with the largest changes
occurring in the myopes. These frequencies approximate
those that predominate in most printed text. Studies
with chicks suggest that emmetropization may be depen-
dent on mid-spatial frequencies and to a lesser extent
contrast cues (Schmid & Wildsoet, 1997). Other studies
suggest a possible role for contrast adaptation in guiding
emmetropization (Diether, Gekeler, & Schaeﬀel, 2001).
A loss of contrast modulation along the vertical
meridian (horizontal gratings) compared with the hori-
zontal meridian (vertical gratings), has previously been
reported in a group of Chinese preschool children by
Carkeet et al. (2002). Our data with a group of young
adults (predominantly Caucasian) are consistent with
these ﬁndings in the far condition but not the near con-
dition, where the vertical meridian was better than the
horizontal meridian. Studies of contrast sensitivity, par-
ticularly in myopes, will yield diﬀerent results if vertical
or horizontal gratings are used in testing and are inﬂu-
enced by the prior visual tasks (e.g. reading) of the
subject.
Based on the association between VSOTF and high
contrast visual acuity reported by Applegate (2004)
our data predicts that myopes high contrast visual acu-
ity should be slightly worse than emmetropes, particu-
larly before reading. This ﬁnding is consistent with
studies that have demonstrated a loss of high contrast
acuity associated with increasing myopia (Applegate,
1991; Collins & Carney, 1990; Strang et al., 1998) and
indicates an optical basis for the reported loss.
Reading had a consistent eﬀect on retinal image qual-
ity. Following 2 h of reading, the optical characteristics
of the eye had changed in such a way as to reduce all
metrics of image quality (VSOTF, MTF and PTFs along
both vertical and horizontal meridians, and the equiva-
lent width of the PSF) for far vision. The magnitude of
change of the image quality metrics following reading
was generally similar in both myopes and emmetropes
and is partly related to an increased lead of accommoda-
tion. Myopes had a large reduction in MTF along the
vertical meridian following reading compared with the
emmetropes (Fig. 6) and this eﬀect appears to result
from wavefront changes along the vertical meridian
associated with reading (Buehren et al., 2005).
For near vision, the eﬀects of reading caused the
opposite outcome, with most image quality metrics
improving. The equivalent width of the PSF showed
the greatest changes, with both myopes and emmetropes
showing signiﬁcantly better results following reading.
The improvements in image quality are primarily due
to decreased lags of accommodation in both groups of
subjects. However it should be noted that even after
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quality after reading, the quality of the retinal image
for near vision was always substantially worse than for
far vision. These losses associated with near vision
may be exaggerated in this study because natural pupil
sizes for near vision would be expected to be smaller
than we obtained using low light levels and monocular
ﬁxation. Overall, the changes in image quality associated
with reading can be considered to be due to the com-
bined eﬀects of defocus changes (NITM), residual astig-
matism and higher order aberration changes related to
lid forces.
While the magnitude of lower order aberrations
(defocus and astigmatism) is independent of pupil size,
the eﬀects of higher order aberration are directly related
to pupil size (the higher the order, the more the magni-
tude changes with pupil size). In practice, this means
that higher order aberrations associated with myopia
and reading will have more inﬂuence on image quality
as the pupil size increases. As a consequence of this,
activities such as long periods of reading in poor light
would be a good example of a scenario where higher
order aberrations would have an enhanced impact on
retinal image qualities.
4.2. Depth of focus, blur sensitivity and refractive
power distribution
It is well known that higher order aberrations can in-
crease the relative depth of focus of the eye. This princi-
ple is commonly used in the treatment of presbyopia
with ‘‘simultaneous vision’’ bifocal contact lenses (Plaki-
tsi & Charman, 1995). Since the myopic group in this
study had increased levels of higher order aberrations
compared with the emmetropes, it was not surprising
that the myopes had a greater depth of focus. Across
the four conditions tested, we found that on average
the depth of focus of the myopic eyes was 0.09 D greater
than the emmetropes. This shows good agreement with
the value of 0.08 D diﬀerence in depth of focus found
by Rosenﬁeld and Abraham-Cohen (1999) using a sub-
jective method of deriving depth of focus. These authors
suggest that the increased depth of focus allows the
accommodation response to exert the minimum neces-
sary accommodation amplitude to bring the stimulus
into ‘‘focus’’, hence this could partly explain a greater
lead and lag of accommodation response for myopic
eyes.
Another consequence of increased depth of focus in
myopic eyes would be a greater tolerance to induced
defocus blur. Recent studies of visual acuity and CSF
have found that the tolerance of myopes to defocus blur
is not equal for positive and negative defocus (Radha-
krishnan et al., 2004a, Radhakrishnan, Pardhan, Calver,
& OLeary, 2004b). This asymmetry in response to posi-
tive and negative blur has previously been detected bymeasuring the accommodation response to induced
defocus (Abbott et al., 1998; Gwiazda et al., 1993;
OLeary & Allen, 2001). Our data showed no clear
asymmetry in the slopes of image quality metrics versus
myopic and hyperopic defocus.
It is well established that the eyes of a variety of ani-
mal species can respond to the direction (sign) of in-
duced optical defocus to regulate eye growth, with
minus blur causing eye growth. In human eyes, the
obvious candidate for a hyperopic defocus cue is the
lag of accommodation at near distances. Such a growth
stimulus would act on the eye during near work and
would not be present during far visual tasks. Since
myopes have greater lags of accommodation during
near conditions, as we also found in this study, this
creates the conditions for a greater magnitude of hyper-
opic defocus in myopic eyes compared with emme-
tropes. For eye growth to respond directly to the
refractive power distribution of the eye would probably
require an active feedback process involving accommo-
dation. However research with chicks suggests that ac-
tive accommodation is not necessary for compensatory
eye growth in response to defocus (Schaeﬀel, Troilo,
Wallman, & Howland, 1990; Wildsoet & Pettigrew,
1988). It is diﬃcult to see how the human eye could de-
tect the direction of defocus without input from accom-
modation feedback, or alternately without directional
cues from changes in some characteristic of image qual-
ity. Cone directionality (manifest as the Stiles–Craw-
ford eﬀect) has also been shown to have the potential
to provide directional cues in response to defocus
(Kruger, Mathews, Katz, Aggarwala, & Nowbotsing,
1997).
Examining the refractive error distribution of the
myopes and emmetropes in this study (Fig. 1) it can
be seen that both myopes and emmetropes have a sim-
ilar distribution of hyperopic defocus in the near condi-
tion (relative to the retinal plane). The myopes showed
the typical greater lag of accommodation at near com-
pared with the emmetropes and therefore show higher
levels of hyperopic power error. But if we look more
closely at the power distribution there are other fea-
tures that also distinguish the myopes and emmetropes.
The myopes show a signiﬁcantly broader distribution
of refractive power (both myopic and hyperopic defo-
cus) and less well deﬁned distribution peaks due to
the presence of increased levels of higher order aberra-
tions before and after reading. Relative to the retinal
plane, the myopes peak of the power distribution for
the pre-reading distance condition was slightly behind
the retina (hyperopic defocus), even though the accom-
modation response was slightly in front of the retina
(myopic defocus). For the far condition the myopes
show hyperopic defocus extending up to 1.5–2 D be-
hind the retina, whereas the emmetropes show hyper-
opic defocus range up to 1 D. In the near condition,
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about 2.5–3 D, whereas the emmetropes hyperopic
defocus extends to about 2 D. Before reading the myo-
pes also show unusual bimodal peaks of the power dis-
tribution at near.
The diﬀerences between myopes and emmetropes in
the shape of the refractive error probability density
function (Fig. 1) are due to the contribution of the high-
er order aberrations of the eyes. Simple defocus alone
would lead to a narrow power distribution, with some
minor symmetrical spread of the peak associated with
diﬀraction. This highlights the importance of the inter-
action between higher and lower order aberrations when
considering the refractive power and image qualities of
the eye. If the myopic eye is capable of detecting subtle
hyperopic cues from the refractive error distribution of
the eye, then there is some evidence in our data to sup-
port the hypothesis that myopes are exposed to higher
levels of hyperopic defocus than emmetropes. These
subtle diﬀerences between myopes and emmetropes were
present before and after reading at far and near.
4.3. Image quality, accommodation and directional cues
An important element in understanding retinal im-
age quality in myopia is the existence of the substantive
lag of accommodation at near, which is more pro-
nounced in myopes. It is well known that myopes show
a ﬂatter stimulus–response accommodation function
(i.e. a greater lead and lag) than emmetropes (McBrien
& Millodot, 1986; Ramsdale, 1979; Rosenﬁeld & Gil-
martin, 1988). But why do myopes tolerate greater
leads and lags of defocus, despite suﬃcient accommo-
dation reserve to easily account for both the myopic
defocus (lead) and hyperopic defocus (lag)? The answer
must come from either a neural and/or optical
mechanism.
The response of the eyes accommodation system to
aberrated images is not well understood. In theory,
any substantial deviation of the wavefront of the eye
from a perfect focus should induce a compensatory
accommodation response to optimise the retinal image
(Charman & Jennings, 1976). Studies by Cui et al.
(1993) and Collins et al. (1997) have shown an accom-
modation response to induced spherical aberration that
tends to minimize the wavefront error. Thibos, Hong,
Bradley, and Cheng (2002) analysed wavefront data
from a range of normal eyes and concluded that the
eyes plane of best focus coincided with the wavefront
error being minimized over the largest possible area of
the pupil, but there are a range of other image quality
metrics that also show good agreement with subjective
refractions (Cheng, Bradley, & Thibos, 2004).
There are various retinal image characteristics that
could contribute to the optimal level of defocus of the
eye. It is well established that the spatial frequencyand contrast of the stimulus will inﬂuence the level of
optimal focus, since diﬀerent types and levels of aberra-
tions aﬀect the frequency domain of the image in diﬀer-
ent ways. In this experiment the stimulus target was a
high contrast letter, containing a range of spatial fre-
quency content. The focusing strategy adopted by the
eye could take a variety of forms such as to maximize
the visual Strehl ratio (VSOTF) as suggested by Cheng
et al. (2004) and Marsack, Thibos, and Applegate
(2004), it could minimize aspects of the wavefront error,
optimize the contrast and/or phase information in the
speciﬁc letter targets we used, or optimize some element
of the point spread function.
We found evidence to suggest that the accommoda-
tion response of both the myopes and emmetropes was
inﬂuenced by the location (focal plane) of the peak of
various image quality metrics. For both lead and lags
of accommodation we found that the image quality met-
rics that best correlated with leads and lags were the
peak of the VSMTF and the peak of the VSOTF along
the horizontal meridian. These shifts in image quality
peaks were associated with diﬀerences in higher order
aberrations and residual astigmatism between myopes
and emmetropes, since defocus alone cannot cause such
a change in peak location. Put another way, without the
presence of higher order aberrations or residual astigma-
tism, the peak of the image quality metrics would always
lie at the retinal plane (for an eye with optimal sphero-
cylindrical correction). The diﬀerences that exist be-
tween myopes and emmetropes in their accommodation
response are therefore at least partly the result of optical
eﬀects associated with higher order aberrations and
residual astigmatism. This possibility was discussed by
Thorn, Cameron, Arnel, and Thorn (1998) to explain
myopes increased tolerance to blur and more recently
by He, Gwiazda, Thorn, Held, and Vera-Diaz (2005).
The slightly increased depth of focus in myopic eyes is
also the result of increased higher order aberrations
and probably contributes to the increased leads and lags
shown by myopes. Therefore the eﬀects of increased
depth of focus and shifts in the optimal focal plane of
image quality metrics may combine to provide a mech-
anism to explain greater leads and lags of accommoda-
tion in myopes.
4.4. Point spread function
The appearance of the point spread function is an
optical characteristic that could provide directional cues
for eye growth when higher order aberrations or resid-
ual astigmatism are present. By varying its defocus level
the eye could theoretically recognize the unique changes
in the PSF which signal direction (Campbell & Westhei-
mer, 1959; Charman & Tucker, 1978; Fincham, 1951;
Walsh & Charman, 1989; Wilson et al., 2002). This
potential mechanism is inﬂuenced by the changes that
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ated with accommodation and also reading (Buehren
et al., 2005). If some aspect of the PSF of myopes is rec-
ognized as an ambiguous cue to accommodation (or
possibly via cone directionality), then this could act as
a signal for eye growth.
A signal for eye growth could theoretically arise if
for example, the interaction between the PSF and defo-
cus created two separate focal planes that had good im-
age properties. If the primary focal plane was at a more
myopic focal distance, the secondary hyperopic image
plane could act as a growth stimulus. Alternately, some
aspect of the PSF energy distribution when the eye
adopts its preferred accommodation level could provide
a stimulus for growth. For example, strong secondary
peaks (side lobes) in the PSF at the eyes preferred
accommodation level would create monocular diplo-
pia (or polyopia if more than two peaks were present)
and this might be interpreted as a stimulus to eye
growth.
An active feedback based on the PSF characteristics
could require temporal interaction between higher order
aberrations, or residual astigmatism and defocus. This
interaction could arise from normal accommodation
excursions to focus on diﬀerent objects in the ﬁeld of
vision or through the more systematic, although smaller
microﬂuctuations of accommodation. Campbell, Priest,
and Hunter (2001) have calculated that defocus micro-
ﬂuctuations as small as 0.125 D could provide direc-
tional cues in the PSF.
The equivalent width of the PSF after reading was
signiﬁcantly larger in the myopes than the emmetropes
in this study. However the directional cues within the
retinal PSF are likely to arise due to the secondary peaks
and side lobes of the PSF which change with accommo-
dation (defocus). We did not extend our analysis to in-
clude the eﬀects of defocus on PSF secondary peaks,
but examples of the secondary peaks in the LSF can
be seen for both the myopic and emmetropic subjects be-
fore after reading in Fig. 7. We consider this to be an
area worthy of further investigation.
The optical manipulation of eye growth in animal
species has traditionally been performed with lenses
causing simple defocus and this does not cause isolated
secondary peaks in the PSF. However the multiple peaks
within the point spread function that we have discussed
above, could be considered similar to the secondary tar-
get planes used in experiments with chicks reported by
Wildsoet and Schmid (2001) and Schmid, Brinkworth,
and Wallace (2003). In these studies the chicks eyes
grew toward a far target plane (hyperopic stimulus)
and required active accommodation to make the growth
compensation for the target plane. This is eﬀectively the
same as the optical conditions that produce a PSF that
has good image properties at two distinct focal planes
or little change across a range of focal planes.4.5. Reading, temporal integration of the retinal
image and myopia development
Theories of myopia development based on visual
deprivation have to account for the temporal integration
of the visual deprivation (Bartmann & Schaeﬀel, 1994;
Flitcroft, 1998; Hung & Ciuﬀreda, 2000a, 2000b). This
is inﬂuenced by ﬁndings in animal models of myopia that
show brief periods of ‘‘normal’’ vision can reverse or
counteract longer periods of exposure to the eye growth
stimulus (Nickla et al., 1989; Schmid & Wildsoet, 1996).
But whether this intermittent exposure factor is present
in human myopia development is unknown.
In this study, the retinal image characteristics of the
myopes were generally worse than those of the emme-
tropes before and after reading, in both far and near
conditions. Following 2 h of reading the MTF and
PTF of the myopes became worse particularly along
the vertical meridian for far conditions. This trend was
also apparent for the emmetropes, but to a lesser degree.
These ﬁndings demonstrate that the myopic eyes are
continuously experiencing poorer image quality than
the emmetropic eyes and that the diﬀerences between
groups are more apparent in some image quality metrics
following reading. However we do not rule out that
there may be other speciﬁc changes in the retinal image
during and after reading that we did not detect in our
analyses (for example in the PSF).
4.6. Conclusions
It is the interaction between defocus (accommoda-
tion) and the higher order aberrations that create the
unique retinal image qualities of an individual eye. This
interaction is aﬀected by the changes in low and high or-
der aberrations of the eye associated with accommoda-
tion and reading. Our results show that while defocus
(accommodation lead and lag) errors contribute signiﬁ-
cantly to the diﬀerences in image qualities between
myopes and emmetropes, the role of higher order aber-
rations is also important.
The progressing myopes in this study had retinal im-
age qualities that were often substantially diﬀerent to
those of emmetropes. Since there is compelling evidence
that the regulation of eye growth is a vision dependent
phenomenon, aspects of retinal image quality and the
optical characteristics of the eye are likely to be impor-
tant in the development of myopia.Acknowledgements
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